Abstract The Kutch Desert (Great Rann of Kutch, Gujarat, India) is a unique ecosystem: in the larger part of the year it is a hot, salty desert that is flooded regularly in the Indian monsoon season. In the dry season, the crystallized salt deposits form the ''white desert'' in large regions. The first metagenomic analysis of the soil samples of Kutch was published in 2013, and the data were deposited in the NCBI Sequence Read Archive. At the same time, the sequences were analyzed phylogenetically for prokaryotes, especially for bacteria. In the present work, we identified DNA sequences of recently discovered giant viruses in the soil samples from the Kutch Desert. Since most giant viruses have been discovered in biofilms in industrial cooling towers, ocean water, and freshwater ponds, we were surprised to find their DNA sequences in soil samples from a seasonally very hot and arid, salty environment.
Introduction
The discovery of new giant viruses caused considerable excitement in virology in the last decade: these viruses are larger than numerous bacteria and may have even more than 2,500 genes [3, 5, 14, 16] . They are parasitic to amoeba cells living in freshwater reservoirs or seawater habitats. Until now, they were not reported to be found in soil samples or in an arid environment.
Acanthamoeba polyphaga mimivirus was first found in a cooling tower of Bradford, England, in 1992 and was later identified as the first giant virus in 2003 [10] . Its genome consists of 800,000 basis pairs (bp).
Marseillevirus was found in the biofilm of a cooling tower near Paris [3] ; its genome contains 368,000 bp.
Cafeteria roenbergensis virus (CroV) was discovered in seawater off the Texas coast in the early 1990s [6, 7] ; its genome contains 730,000 bp.
Megavirus chilensis [2] was discovered in 2010 in a seawater sample off the coast of Chile; it has a 1.2-millionbp DNA that encodes 1,100 proteins.
Pandoraviruses [13] were discovered in 2013, and they have the largest genomes of any viruses known. Their diameter is close to 1 lm. Pandoravirus salinus was found in seawater off the coast of Chile and has a 2.5-million-bp genome that encodes around 2,500 proteins. Pandoravirus dulcis was found in a garden pond in Latrobe University, Melbourne, Australia and has a 1.9-million-bp genome.
Samba virus [4] was found in surface water samples of the Amazon river system in Brazil. Its 1,200,000-bp-long DNA encodes 938 proteins.
Pithovirus sibericum was identified in a thirty-thousandyear-old frozen Siberian sample [11] . Its 610-kbp-long genome encodes 467 proteins.
Mollivirus sibericum was also identified from the same sample containing Pithovirus sibericum [1] . Its genome size is 651 kbp, and it has 523 protein-coding genes.
It has been reported [8] that DNA strands similar to that of a mimivirus can be found in the Sargasso Sea environmental sequences database [15] . In the present work, we analyze the Kutch Desert metagenome [12] , in soil samples with high salinity levels, using a workflow called ''The Giant Virus Finder'' [9], which was developed for the discovery of giant viruses in environmental metagenomic samples.
Materials and methods
The ''Giant Virus Finder'' workflow was applied for searching metagenomes published previously [12] . The ''Giant Virus Finder'' workflow is described in detail on its webpage http://pitgroup.org/giant-virus-finder and in a previous publication [9] . Here, we give a short overview of the method.
Step 1 A list of the giant viruses was generated, containing virus genomes of size 300 kbp or more; called the ''Giant Virus Toplist''.
Step 2 Sequence similarities were identified between the Giant Virus Toplist and the Kutch metagenomes [12] , using a blastn search.
Step 3 The best hits of step 2 were identified, and the metagenomic short read (denoted as R), which contained the best hit, was aligned to the whole NCBI Nucleotide Collection (nt) with blastn with a wordsize w = 7 instead of the default w = 28.
Step 4 Suppose that when we aligned R against the nt database, and the score of the top-scored hit from nt was z. Now, we say that R is ACCEPTED as a giant virus DNA segment, if all hits from nt of scores greater than 0.8z are from Giant Virus Toplist. Otherwise, we REJECT.
We note that Step 1 is needed to speed up the process: without Step 1, all of the short reads from the metagenome could have aligned to the whole nt database, and the acceptance could have been defined exactly as in Step 4. In this case, however, the running time would be several hundred processor years instead of several CPU days with the Giant Virus Finder. More exactly, on a single CPU core, the Giant Virus Finder's phase 2 runs for 17 days for the 2517 candidate reads. Without phase 1, however, with the w = 7 word size, for the 17,401,054 reads, the running time would be 319 years.
We also note that setting the word size to w = 7 is crucial. Of our top 20 hits, with the default word size, 16 gave negative results (no significant similarity found). On the other hand, when the specificity was verified in step 4, we required the top 20 % of the hits to be giant viruses.
Unfortunately, BLAST with the default word size would not find numerous non-giant-virus hits, and, consequently, would yield false positive results.
For a graphic description of the process, we refer to Figure 2 in [9] .
It is worth mentioning that independent validation of the results presented is easy with the NCBI blastn webserver: Choose a result file from here: http://pitgroup.org/public/ giant-virus-finder/Giants-in-Kutch-metagenomes/phase2-results/ which has the ''GiantVirusFinder-0.2-with_hits.txt'' filename ending, and feed it into the NCBI blastn webserver, choose the ''Somewhat similar sequences (blastn)'' program option and set the word size w = 7 in the ''Algorithm parameters'' setting and uncheck ''Low complexity regions''.
Results and discussion
The results of the two-phase method are given in http:// pitgroup.org/public/giant-virus-finder/Giants-in-Kutch-meta genomes/phase2-results/. The top 20 hits are listed in Table 1 ; the numbers of giant viruses found in each metagenome are shown in Fig. 1 .
The geographic locations of the metagenomes are given in Figure S1 and Table S1 in the on-line supporting material.
Conclusions
We have shown, to our knowledge, for the first time, the very probable presence of giant viruses in the soil of a salty, arid and hot ecosystem, the Kutch Desert. Our results imply that, in addition to oceans, biofilms in cooling towers, and small freshwater ponds, salty desert soil can also accommodate these newly discovered viruses. However, it is also possible that a fraction of the sequences found in the desert soil originated from temporary aqueous habitats formed when, in the monsoon season, parts of the desert was flooded.
Data availability
The metagenomes of the article [12] can be downloaded from the NCBI Short Read Archive; the download links are given in our Supplementary Table S1. The Giant Virus Finder is downloadable from http://pitgroup.org/public/ giant-virus-finder/latest. The detailed alignment results in both phases of the search are found in http://pitgroup.org/ public/giant-virus-finder/Giants-in-Kutch-metagenomes/. 
